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EFFECT OF TURBINE BLADE COOLING ON EFFICIENCY
OF A SIMPLE GAS TURBINE POWER PLANT

by
W. 4. Rohsgenowk

The efficiency of & simple ges turbine cycle can be
inereesed by designing it to operste at higher turbine inlet temp-
eratures: however, the extent to which this temperature can be in-
creased depends upon the ability of the metal of the turbine to withstsnd
the high temperstures without deterioretion. Uncooled turbines heve been
run for reascnable lengths of time st inlet temperatures of 1500 F, but
such turbines must employ expensive snd often commercielly unevailable
materials. The less expensive end more mvaileble materisls are limited
to operation with inlet gas temperatures of eround 1000 F.

In order to operate these turbines at higher temperstures it
is necessary to cool the blades end possibly the cazsing and rotors in
the esrlier steges until the geses are reduced to a value betwesn 1000 F
and 1500 F depending on the kind of metal employed. Various methods
of cooling turbine biades have been investigated by the NACA and published
in various unclassified technical reports since 1947. 4 survey of some
of this work is presented by Ellerbrock (1).

The present work is an investigstion of the effects of blade
cooling on the thermodynamic performance of a simple gas turbine plant
shown in fugure 1, This study is of the nature of en exploratofy study
to show general trends. Because the analysis 1s not limited o a
particular design of gas turbine its results are in a2 sense qualitative

# Assoclate Professor of Mechanicsl Engineoring, Messachusetts Institute
of Technology, Cembridge, Massachusetts.
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bub show definite trends. Three design situations are investigated. With
currently available metal alloys gas turbines can be expected to be oper-
sted uncocled at temperatures sround 1500 F. With ordinary steels re-
quiring only readilifavailable maberial they cen be operated at temper-
atures around 1000 F, In the region where the geses exceed these
temperatures the turbine must be cooled. Hence in this analysis the
turbine is considered to have two pavis - &, a cooled pert, and B, an
uncooled part, figure 1. The turbine is cooled until the tempersture Ti
is reached along its condition curve. The magnitude of Ti depends upon
the kind of metsl uéed in the turbine construction.

The following three condlitions were investigaﬁed for the effect
on thermal efficiency end specific ailr consumption for turbines with an

infinite number of stages:

1) T; = 1500 F, T, varying
2) T, = 1000 F, T, varying
3} Ty = varying, Ty = 1500 F.

Also the effect of finite number of stages was investigated for conditien
(1) and (2) above.
Methed ef Anelvals

For this analysls the compressor efficiency was assumed to be
85%, and the turbine polytropic efficiency {efficiency of en infinitess-
imal stage) was sssumed to be 88% for both the cooled end uncooled portions
of the turbine and for a turbine with s finite number of stuges the stage
efficlency was assumed to be 85%. Hawthorme (3) showed that the difference
inai7p for a cooled and an uncooled stage was probably of the order of 1
to 2%, changing slightly with Mach number and type of stagse. The actusl

turbine efficlency for the uncooled part of the turbine was calculated

(R

where tra reheat fector (2) is given by

from
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1—r«)?pk-—l .
ﬁ ?ZP .*.t..:.l (2)

k

‘

For the cooled portion of the turbine Appendix B shows that eg-
uvetions (1) and (2} would epply i’ and Ty in these equations
are replaced by 7? end Ty vhere

72 ‘“3” (3)

sssuning Q/V is uniform along the length of the cooled portion.

Sample results of calculation employing these equations
along with the Gas Tables {5) are shown in figure (2) for Q/\IA =
0.1 end 0.3 in the cooled part of the turbine. In each of thesa
curves the turbine was cooled to T, = 1500 F. Of course, vhen Ty
= 1500 F there is no cooling in the turbine. Curves similer to
these were calculated and drewvn to investigete the various condi-
tiong listed in the preceding section. A sample calculation is
shown in Appendix A,

In order to interpret the results of these celculstions
it 1s necessary to investigate how Q/HA changes &s the design velue
of T3 changes. The required amount of cooling, hence Q/VA’ in-
creeses as Tg 1s assumed higher becBuse the rate of heast transfer
increzses with the difference between ges and metal temperature.

The following epproximate anslysis is mede to aid in this interpret-
etion,

The maximum work per ataée of infinite staged turbine or
beat efficiency of & asingls stage turbine is obtained vhen the mag-

u'i72g° J =5 (4)

nitude of the term
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is approximately K; = 4 for impulse blading and K, = 2 forreaption
f blading (ref. 6) 3-tual values will be slightly less than these.
An approximete relation for the hezt trensfer per 1lb. of
fluid flowing ir e cascade of blades is shown in Appendix C to be

Q=epﬂo~%)&§m~n (5)
or approximetely twice this value for & turbine stege. This rela-
tion assumes the Reynolds anezlogy between friction and heest transfer
to exist.

Then dividing eq. (5) by eq. {4) &n expression for Q/W for

& stage can be written as
2o (1, - T) (e Fo/2_ 1y
Ky (w3/2g,d) (6)

9.
W

If 11 stages of a multistage turbine have the seme vel-

ocity diagram the enthelpy drop {and hence temperature drop) per

ztage of an uncooled turbine is uniform throughout the turbine.
Then the temperature varies nearly linearly with axial distance for
s uniform blede wldth for all stages. This is slso approximately
H' true for & cooled turbine. If the blade temperature in the firat

' pert of the turbine is to be mainteined at Ty = 1500 F to a point

- where the gas temperature is Ti = 1500 F, then the heat transfer

rate will vary linesrly with axiel position for ti.is pert of the
\ ¥ turbine. To obtein an aversge value of Q/VA, the temperature T, may

‘ be interpreted as the mean value between Tg and T, (or T,). Then

ﬁ 7, = %«(‘1‘3 + 1) ¢e)

o -
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then (Q/WA) (T, - TV) = 0.000275 f‘mm eq. (6) with Gp = 0.27 Btu/
1b F. For Q/HA = 0.1,’ (T, ~ T)) = 363.5 F; then from equation (7)
with Tw = 1500 F, Ty = 2227 F, point M figure 3. A series of such
points is plotted on figure 4 resulting in the solid lines represent-
ing the attainable efficiency with blade cooling for an impulse stage
with §, = 0,08 and u = 1000 ft/sec.

Continuing this type of calculation for verious values of u

and fo for both resction (X, = 4) and impulse (K; = 2) stecges results

efficlency and specific eir consumption is shown for maximem effic-
iency ﬁointa and also for polnts at r = 15.

- . The precediﬁg results were for a turbine having an infinite
number of steges. In agtuality these results heve naglected the
effect of the leaving loss normally assocleted with turbines having
& finite nun;ber of stages. To investigete the effect of the leaving
loss assocliated with turbines having finite size stsges the calcul-
ation proceeds in the seme manner as befores except thet the rehemt

factor for the uncooled turbine is calculsted fram (ref.2)

K~1

? _ [l -5 %EE-Z_[} “@WP |

[1 45 [

For a cooled turbine an anelysis similer to that in appendix B

---(®

w11 show that equation (8) is valid if 7p is replaced by?q and-

' YERL(N

Consider an impulse stage with .f= 0.08 and u = 1000 ft,/59c., -

in the curves of figures 3 through 12. The effect of cooling on.cycle
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1

In the finite stiged turbine celculetions the stage effic-
1ency?st vas selected zz 85%. Then to calculate@N above 7p end
7 q are found from the following relations (Appendix D)

g ¥
(Uncooled) gy = Xl == o= = (9)
o™ oy P

k-1
_;;Azﬂ'f“ e ¢ 1)

(00019(1) 7st=1+lq/w.' T
AW

Also for & turbine with a finite number of stages there will

be a "leaving loss" assoclated with the velocity of the ges leav~
ing the last stage. If the blade speed is selected to cause

this leaving leaving velocity to be in the axial direction and if
the axial velocity is assumed to be uniform throughout the turbine

the kinetic energy of the leaving ges for impulse stages will be

approximately
Yoxia) = ZPs etn®g - - - - -- - - =(9)
2 god N

since the nozzle velocity neglecting frictional effects is given
by VZgo.?‘ Ab, end ahg, =.Ahst/n end V4.0 =V, sin 8. Thie
kinetic energy must be subtracted from the turbine work calculated
by neglecting the leaving loss in order to obtain the turbine with
e finite number of stages.

The results are shown in figures 13 and 14 showing the effects
on cycle efficiency of magnitudes of‘ T,, '.ri, N and g,. For each
point on these curves the blade speed was teken &s )

-— Aﬁ wio—- .-— - aw s aw
W=2cos @ Y2g, & bg, /N - (10)

which is the approximate relation required to hsve azn axiel leav-

ing velocity,




Discussion of Results

The values of efficiency plotted in figures 3 through 6 are
the maximum efficiency points of curves similer to those of figure
2. The dashed lines represent constant Q/WA T3 values. From eq-
uations (6) and (7) values of Q/W, eassociated with a value of Ty
may be obtained. Then the heavier solid curves of figures 3 through
6 may be drawn showing the effects of 5" and u.

A reasonable design value for u is around 1000 ft/sec and a
reasonable value for %; to obtaini?L = 0.88 is probably in the
range 0.05 - 0. 08. The effect oi changes in the magnitude of pro-
file loss factor é on tne value ofz;; is not preat since the pro-
file loas is only 1/3 to 1/2 of the stage loss factor. From fig-
ures 3 and 5 it appears that with Ti = 1500 F it is unprofitable to
ralse the design inlet temperature of a cooled reaction turbine |
beyond 2000 - 2500 F and of a cooled impulse turbine beyond 3000 F.
Here it was assumed that only the blades (rotor and stator) were
cooled. *f any part of the casing is also cooled or if the value of
?o is higher than 0.05 - 0.08 the peak of these efficiency curves
would be at lower values of T3.

The cycle efficiency employing the uncooled turbine with T3 =
1500 F 1s about 35%: With cooling it appears possible to attain
efficiencies in range 40 - 45% by raising T3 to values in the range
2500 - 3000 F, Simmltaneously the specific air consumption decreases
as shown in figure 8 and the pressure ratio at maximum cycle effic- -

iency rises from around 15 to around 50 or 60. This reduction in

N
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specific air éonsumption results in smaller turbine anc compressor
diameters, but the larger pressure ratios reguire more stages and thicker
casings and piping. Because of this it might be desirable to avoid

the use of high pressme ratios; so curves for cycle efficiency and

alr consumption were prepared for a pressure ratio of 15 in fiiures

7 and 8. Under these conditions it appears umdesirable to use ‘1’3 be-
yond about 2000 F with an wnimpressible rise in efficiency from 35%

only to about 38 - 39%. |

Figures 9 and 10 are drawn for T, = 1000 F and sre similar to
figures 3 and 7 which were drawn for Ti = 1500 F. These curves are
applicable to a cooled tﬁrbine constructed of less expensive aﬁd
more readily availlable maneriai. Of course the cycle with an un-
cooled turbine at T, = 1000 F has much smaller efficiency (‘77 = 23%)
then with '.['3 = 1500 F (?" 35%). However, vhen a cooled turbine is
emplqyed with T; = 1000 F and T3 raised to 2500 - 3000 F the cycle
efficiency is again in the range of 40 - 45%, not very much less than
the cycle vith a coéied turbine with T, = 1500 F. Similarly if r =
15 and T3,19 alloved to teke on a value of 2000 F an efiiclency of
about 36% is obtuined which is only a few per cent less then attain-
able values at r = 15 and T3 = 2000 F with Ti = 1500 F. Figures 11
and 12 were drawn to show the effect of I, on cycle efficiency with
T3 = 1500 F.

The effect of the leaving loss associated with a finite staged
turbine is shown in figure 13. The upper curve of each set is for the
uncooled turbine and shows a decreasing efficlency as number of
stages is decreased. This is due to the increased %leaving loss™ as

number of stages is decreased. For the cooled turbine the efficiency
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passes through a maximum value for some finite number of stages
. because as the number of stages increuses the effect of the heat

loss hecomes greater and offsets the effect of the decreasing

leaving loss. Furthermore the point of maximum efficiency occurs at
a smaller number of stages as the turbine inlet tehperatwe is raleed
since the heat transferred increases with T3 for a fixed Ti‘ Fron

the curves of figure 13 1t is observed that the cycle efficiency

change is less than 1% for cooled turbines lsw’nznumbers of stages -
in the range of 2 to 10 for the cycle conditions investizated.

Figure 14 shows that the effect of different values of loss

factor fo on the cycle efficiency. It is observed that the cycle

‘ efficiency curves level-off as turbine inlet temperature increases.

In this anslysis it hag boen assumed the blade temperatures
selected could be obtained. Inherent in any liquid or gaseous
coolant system for cooling the blades there would be an energylo
loss associated with circuleting and cooling the coolant. The
effect of this would be to flatten the efficiency vs inlet tewp-
erature curves more than those shown in the present results. The
actual energy loss associated with the coolant system depends on
the particular design of this system. Tue ebsoiuic magiitude of
oyele efficicncy will depend on the detailed design of the cool-
ant systemj neveriheless the results of this anelysis are velid

for compardison purposes.

v e o ok e e e = e

T, T e




Sopclugion
The re‘sults of this analysis suggest that the real value of

blade cooling is assoclated with turbines constructed of less ex-
pensive and more readily available materials. Turbines with design
inlet temperatures of 2000 -~ 2500 F requiring cooling to 1000 F can
obtain cycle efficiencies within 1 or 2% of those obtained by turbines
reyuiring cooling to 1500 F but designed with inlet temperaturs in

the same range of 2000 - 2500 F.
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R JOL S CLATURE

Rate of flov per unit cross-sectionel arca, lb/hr.{t®
78 £t.1b/Btu.

Defined in equation (4).

Number of sicges in e turbine.

Wetted-perimetor for flow through the blade passege.
Heat transfer to cooled blades per unit turbine work.
Hoct transferred to eooled blude per 1lb. of fluid.
Cross-gectional ereca for flov through blade pagsage.
Ixdt temperature of turbine part A.

Stagnation tanpe:?ature.

Wall tempereture taken equal to Ty).

Axial veloclty leaving last stege

Veloclty of jet leaving turbine stege nozzle blsdese.
Vork per 1b, of fluid dome by cooled part of turbine.
Worlk per 1b, of flﬁid done by uncooled part of turbine.
Compressor work per 1b., of fluid.

Turbine work per 1lb. of fluid.

Cycle net work péer lb. of fluid.

Specific heet at constant pressure, Btu/lb F.

32.2 1lmft/1bf sec?, conversion factor.

enthalpy, Btu/lb.

ﬁ&%&%tﬁ%?sﬁffggﬁée across a turbine
Isentropic enthalpy difference across a stage.
Pressure ratio, less then unity

Pregsure ratlo across cooled part of turbine, pi/pa

Pressure ratdo across uncooled part of turbine, p /p:,L

Blade speed, ft/sec. ¢

Surface coefficlent of heat trangfer, Btuhr ft2F,
ss_faotor defined by equation (C~4} of Apprndix.

ozzle angle.

Brofile loss factor.

Cyele efficiency.

Compressor efficiency.

Stege efficiency of z fihite turbine stage.

Turbine efficiency

Polytropic turbine efficiency (efficlency of an infinitesimal stage)

b
P
%::72;)(1 + QN ) for & cooled part of turbine (reference 4).

Reletive pressure as used in reference 5,

Reheat factor.

Py ——

S ol
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e . (a) Compressor Works Ty = 520° R 7?0 = 0,85 =10
From Gas Tabless (5) hy = 124.27, Pry = 1.2147
then p,, = 12.147 and by, = 240,14
So Wy = (byy = Iy c-.13632. ,
(b) Turbine Vork: Ta = 2460° R, 7zp = 0.88, ¥ = 10, YN, = 0.2, T, = 1960°R
(1) Cooled Part
Wy,=hg-hy -Q=

hs - h
I+,

Fm the GaS Tables H ha = 634.34, hi = 493.64, prs = 4.0703

iy 1.2

Row his has to be found by trial and errors

Wy = )Z P q plba - Byg)
W

AssumeQ 'S 1 then approxinctely hi g = hy - £

o

= 117.25

.
-

e 117,25 _

: Gas "bables give approximete p.., = 169.5
Pry /o Prig = R+40
From equations (2) and (3): 727 72 ?p(l + QN ) = 0.,83(1.2) = 1,056
This wvaluc and r =2.40 glve = 9927

This gives a new value of hi " namely

3?1)4 634034 .88 (.9927) = 500.13

Repeating the chove procedure glves Py, /pris Ref2 =1, and
the same velue of @ A 28 above.

(2) Uncooled part, \IB

pri/pr = r/r = 10/2.42 = 4.13

For 7‘1 b = ,88 ond pressure ratlo = 413

‘ Q = 1.0283

45 Py / 4413

Trom Gas Te.bles hl;s. = 333.45
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APPENDIX A  (Continmuation)

v = ?p Q 5 by - hAs) = (488)(1.0223) (493.64 ~ 333.45) = 144412

' WT = WA + WB = 261.37

(o) Heat added Qqy = ha — by = Wy = 373.75

(d) Oycle Efficiency = ‘"z~ Yo = 33.5%

Qn

e




APPENDIX B

Derdvation of Equations (2) & (3) for & Cooled Turbine
of Infinite Stages.

A ptuge efficlency for the cooled part of the turbine with an in.
finite mumber of atages may be defined as (reference 4)

neglecting kinotic changes aéross the stage. Also for the cooled turbine
& polytropic efficlency may be defined as

?71).55%”__ U § - 90

Then dividing one of these by the other

LT PO

] which is equation (3).
- For an infinitessimal stage

- Q - - ‘
=@+ 8 =% b =7 vip - -~ ~(B-d)
gince for an isentropic process dh g = v dp
Substid tuting G d T for dn and RT/p for v in equation (B—l,) and

integrating. bet.weem eny two points, m end n, along the condition curve
of the turbine

’7 (=l
| ..?.m (...E ) = mmmmmeeemse-ee- (B-5)
| ' Tn

i The reheat factor for a ccoled turbine with an infinite number of
stages is defined as

ﬁ ’.Ah “(1/@) C(Ta-Ti)

- e o= (B6)

""hsf, c Ta g.l - rkxl_]
e Then substituting equation (B-5) 1_1#30 (B-6)
. : T - (rA) 7& K
(;2” e i-lpa) KL TTTTTTOC (&)

vhich is the seme fom as eq. (2) with 'Vp replaced by ?q end 1 by ;.
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Derdvation of Tauation (5)

Hawthorne (3) suggests the following approximcte analysis for de-
termining the heat transfer per 1b. of fluid flowing across & turbine
blede row. \

The Reynolds analogy relating momentum trensier end heet trznsfer
is

C% = -g— e e o e i e am e ws ee e (C"l)

An energy balance for an element of length dx along the blade surfece
in the direction of flow is

dg = o P(T - To)dx = S @ Cpdly ~ = = ~ = - ~ = (c-2)

Substituting eq(C~1) into eq(C-2) and integrating between poin;bs 1 and
2 at inlet and outlet of the blade passage results in

L
T° - TO TO - T I dx *
=D (@ EE 1)- - ~(c-3)
T°z . T°a
Defining a loss fector ;’, by

?o F{Lf%dx ---------- (G-4)

Then since the hest transferred per 1lb. of fluid is
Q=CP(TQ1"T02) """“""""""(0-5)
0q(C-3) with equatdons (C-4) and (C~5) become

. emcp(r, - )€y oo e
3

which is eg. (5).

For iow Mach nmber and for the case in vhich (P/S) does not vary
along the flow path, Hawthorme (3) shows that ?a = ; D the profile loss
factor. This would correspond to the cese of impulse blading. For
reaction blading and nozzlesheving decreasing area in the dirsction of
gas flow and for values of ilach number sreater than zero tp becones less
than ? o+ For maves ratio of 1/3 end a Mach mmber of 0.5 and fo =
0.08, gpli., = 0.34 (refe3). ‘




PENDIL (Continuation)

It is probable that the profile loss factor formaction blsdes
is amallexr than that for impulse bladess hence, %o may not be much
different for the two types of blading. lore expe;rimente,l informetion is
15 needed to determine values of §o to be used in this analysis. In
the absence of more precise information % o May be assumed to be the
same for both types of blading.

e e e o e — C— -
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AEPENDIX D

- The definltion of stape efficlency is
‘ 1 Ah - Q :
‘ 77 et e T (D-1)
stg A4h,, Abg

I if the difference between the kinetic energ;} of the gases entering

and leaving the stage is negligible. Then

) An op(AT
‘: ?Z stg S +%) fZ‘ﬂf = cp@?l':j;% - - - =(0-2)

Agsuming equal pressure ratlo per stage and the condition curve
equation (B-5) definiﬁq o equation (D-2) becames equation (10).
i; Then if Q/W 1s zero (umcooled stage) ?q = % from equation (B-3)
and equation (10) reduces to equation (9).

st B =i i
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Diagren end Enthalpy - Dutropy chart of simple gas turbine
process with part 4 of the turbine cooled.

Cycle efi‘ic;iency - pressure ratio plot for (/W L= 0.2 and
003 with Ti = 1500 .

HMaximum cycle efficiency versus turbine inlet temperature
at various values of §, Impulse stages with u = 1000 ft/sec
and T 1 = 1500 r,

Ma-dmum cycle efficiency vorsus turbine inlet femperature
at various valuss of u. Inpulse stopes with = 0.05 and
Ti = 1500 F.

Haximm cycle efficiency versus turbine inlet temperature
at various velues of jo. Reaetion stages with u = 1000 Ft/sec
and T:,i. = 1500 F, .

Mazdmum eycle efficiency versus turbine inlet fenmerature
at various values of u. Reaction stages with §, = 0.05 and
T.’x. = 1500 F.

Cycle efficiency vorsus Tz at various values of
15. Impulse stages with u = 1000 ft/sec and T,

Specific cir consymption versus Tz, Impulse stapes with
u = 1000 ft/sec, §,= 0.05 - 0.08 and Ti = 1500 T,

o Vhen » =
= 1500 T,

Haximum cycle efficiency versus T at various values of 24
Impulse stoges with u = 1000 fi/sec and T, = 1000 F.

Cycle efficiency at r = 15 versus Tz at various values
of jo' Impulse stages with u = 1000 ft/sec and T, = 1000 T,

Haximum cycle efficlency versus T; ot various velues of .,
Impulse stoges with u = 1000 £t/sgc and T3 = 1500 F.

Cycle efficlency at r = 15 versus T:L &t various values of ..
Impulse stages with u = 1000 ft/sec™ond Tz = 1500 F.

Effect of Finite liumber of Stages on Oycle Efficiency for
Impulse Stages with§° = 0.08

" Effect of T3 and 5, on Efficiency of a Cycle with 2 Turbine

of Three Impulse Stages.and Pressure Ratio of 4.4.
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FIG. 7. CYCLE EFFICIENCY VERSUS T AT VARIOUS VALUES
OF ;o WHEN I'=15. |IMPULSE STAGES WITH U =1000
ft/sec. AND T, = I500 F.
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FIG.8. SPECIFIC AIR CONSUMPTION VERSUS Ty. IMPULSE STAGES
WITH U =1000 ft/sec. So 0.05-0.08 AND T =IS00F.
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FIG. 1. MAXIMUM CYCLE EFFICIENCY VERSUS T, AT VAR-
IOUS VALUES OF §,. IMPULSE STAGES WITH
U=1000 fi/sec. AND T, =I500F.
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FIG. 12 CYCLE EFFICIENCY AT =15 VERSUS T AT VAR-
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